It has previously been observed that an externally applied hydrodynamic shear flow above a fluid lipid bilayer can change the local concentration of macromolecules that are associated with the lipid bilayer. The external liquid flow results in a hydrodynamic force on molecules protruding from the lipid bilayer, causing them to move in the direction of the flow.
ABSTRACT: It has previously been observed that an externally applied hydrodynamic shear flow above a fluid lipid bilayer can change the local concentration of macromolecules that are associated with the lipid bilayer. The external liquid flow results in a hydrodynamic force on molecules protruding from the lipid bilayer, causing them to move in the direction of the flow.
However, there has been no quantitative study about the magnitude of these forces. We here use finite element simulations to investigate how the magnitude of the external hydrodynamic forces varies with the size and shape of the studied macromolecule. The simulations show that the hydrodynamic force is proportional to the effective hydrodynamic area of the studied molecule, A hydro , multiplied by the mean hydrodynamic shear stress acting on the membrane surface,  hydro .
The parameter A hydro depends on the size and shape of the studied macromolecule above the lipid bilayer and scales with the cross-sectional area of the molecule. We also investigate how hydrodynamic shielding from other surrounding macromolecules decreases A hydro when the surface coverage of the shielding macromolecules increases. Experiments where the protein streptavidin is anchored to a supported lipid bilayer on the floor of a microfluidic channel were finally performed at three different surface concentrations, Φ = 1%, 6%, and 10%, where the protein is being moved relative to the lipid bilayer by a liquid flow through the channel. From photobleaching measurements of fluorescently labeled streptavidin we found the experimental drift data to be within good accuracy of the simulated results, less than 12% difference, indicating the validity of the results obtained from the simulations. In addition to giving a deeper insight into how a liquid flow can affect membrane-associated molecules in a lipid bilayer, we also see an interesting potential of using hydrodynamic flow experiments together with the obtained results to study the size and the intermolecular forces between macromolecules in membranes and lipid bilayers.
INTRODUCTION
A vital property of the membrane that surrounds a living cell is the lateral mobility of proteins and other molecules that are associated with the fluid lipid bilayer that constitutes one of the basic building blocks of the cell membrane. 1 This property is essential for newly synthesized proteins to spread on the cell surface and for receptors and other membrane proteins to move and interact with other molecules therein. The net motion of these macromolecules will without active processes be random and the molecules will due to the laws of diffusion distribute evenly within a corral or enclosure in the membrane. 2, 3 How the properties of the macromolecules and the membrane can be used to theoretically predict the free diffusion of these molecules has previously been thoroughly investigated. [3] [4] [5] However, it has recently been observed that hydrodynamic forces from a constant liquid flow outside a cell can shift the distribution of macromolecules on the cell surface. 6, 7 The reason for this redistribution is that molecules protruding from the lipid bilayer will experience drag forces from the liquid flow above the surface, causing the mobile molecules to move in the fluid lipid bilayer in the direction of the hydrodynamic flow.
This interesting phenomenon has also been observed, and investigated, in more detail in various supported lipid bilayer (SLB) systems. SLBs are common model systems of the cell membrane and consists of a lipid bilayer adsorbed on, typically a glass surface. [8] [9] [10] Here different macromolecules including lipids with modified head groups, [11] [12] [13] [14] [15] lipid vesicles, 16 bound proteins, 11, 13, 17 and DNA 18, 19 have been transported in the direction of the flow, resulting in a varying concentration of the studied molecules over the lipid bilayer. Figure 1A shows a schematic illustration of an SLB with anchored macromolecules protruding from the SLB under the influence of an external liquid flow. The lipids in the upper monolayer move with a velocity v lipids due to hydrodynamic shear forces transmitted from the liquid flow. It has previously been shown that the SLB moves in a rolling motion, with the lowest monolayer being essentially stationary, due to the strong coupling between the lower monolayer and the support. 12 The hydrophilic part of the protruding macromolecules will be equivalent to a hydrodynamic sail and will generally cause these macromolecules to move at a higher velocity, v macromolecule , than the lipids. 17 If there is a boundary in the SLB, this will result in a redistribution of the protruding macromolecules, with a higher concentration of the macromolecules at the side of the enclosure where the liquid flow is directed (see Fig. 1B ). accurate studies of the hydrodynamic forces that acts on different types of membrane-associated macromolecules. These experiments have indicated that the hydrodynamic drag force on different types of macromolecules anchored to an SLB depends on parameters such as the size and height-to-width ratio of the studied macromolecule as well as the surface coverage of the molecules. However, no detailed theoretical analysis has, to the best of our knowledge, been performed that describes the connection between these parameters and the observed behavior of the hydrodynamic forces on the membrane-associated macromolecules. Such expressions are important in order to understand the conditions that are required to result in a significant redistribution of membrane-associated macromolecules under hydrodynamic flow. It could also make it possible to obtain new information about intermolecular interactions between membrane-associated macromolecules by relating the hydrodynamic force from the liquid flow to the intermolecular forces between the macromolecules.
We have in this work investigated how an externally applied shear flow above an SLB induces hydrodynamic forces on macromolecules that are anchored to the lipid bilayer. This was achieved using finite element simulations where we have modeled the hydrodynamic force for various simplified macromolecule models. The first model system studied consists of a spherical molecule in an infinitely dilute system (see Fig. 2A ). This system has previously been thoroughly investigated theoretically [20] [21] [22] and was used as a first test to validate the simulations. In the next situation we investigate the influence the shape of the macromolecule has on the hydrodynamic force. This was done by simulating the hydrodynamic flow around cylindrical molecules with different height-to-width ratio (see Fig. 2B ). In the last scenario we investigate what happens at higher surface coverage when the molecules start to shield each other from the hydrodynamic flow (see Fig. 2C ). The molecules are assumed to be randomly distributed, which is modeled using a cylindrical unit cell with the radius
where a is the cross-sectional radius of the studied macromolecule and  is the surface coverage of macromolecules in the lipid bilayer. On the basis of these values, we present empirical expressions describing how the force varies with different parameters such as the cross-sectional radius a, the surface coverage , the height-to-width ratio h c /2a, and the parameter  hydro which is the (macroscopic) shear stress on the lipid bilayer in the absence of macromolecules on the surface. We finally performed experiments where the protein streptavidin is anchored to an SLB at the floor of a microfluidic channel, which is acted upon by a liquid flow through the channel. The hydrodynamic shear stress, σ hydro , was determined from the dimensions of the channel and the applied flow rate, and the drift velocity of both the lipids in the SLB and the anchored streptavidin was simultaneously determined using photobleaching measurements with the streptavidin and the lipids labeled with different fluorescent groups. These measurements were performed at three different surface concentrations of streptavidin and were compared to the results obtained from the simulations. We finally discuss the implications these finding might have when describing the drift velocity and reorganization of molecules in SLBs as well as on other lipid bilayer systems and on real cell membranes. 
THEORY

Macroscopic and local flow profiles
It should be noted that even though the main aim with this work is to describe the hydrodynamic force on macromolecules protruding from SLBs, the theoretical discussion in this and the following sections will also be valid for many other lipid bilayer systems as well as real cell membranes. The term "lipid bilayer" is therefore used when the theory applies also to other lipid bilayer systems.
The liquid flow above a lipid bilayer will for most practical cases vary over two different length scales: 
where u lipids is the local velocity of the lipids (bilayer or monolayer), z is the vertical distance from the surface of the lipid bilayer,  is the viscosity of the liquid,  hydro is the macroscopic shear stress on the surface and e x is a unit vector in the x-direction. Thus, the expression in Eq. 2 assumes that the macroscopic velocity increases linearly above the lipid bilayer on a local length scale. This assumption is generally valid for SLBs, where the velocity of the lipid bilayer is orders of magnitude lower than the velocity of the liquid. 23 However, it has also been observed The hydrodynamic force, F hydro , experienced by a macromolecule will be proportional to  hydro according to
where A hydro is a parameter corresponding to the effective hydrodynamic area of the anchored macromolecule above the lipid bilayer. For a molecule with no parts protruding over the lipid bilayer we have A hydro = A m , where A m is the cross-sectional area of the molecule in the lipid bilayer (see Fig. 2A and B). However, for a macromolecule protruding from the lipid bilayer the effective hydrodynamic area will be larger, and the molecule will therefore experience a greater hydrodynamic force. If the hydrodynamic area is larger than A m , this means that the macromolecule will move relative to the lipids in the direction of the flow, resulting in a redistribution of the studied macromolecules in the lipid bilayer. It is therefore in most cases the difference A hydro = A hydro -A m , the excess hydrodynamic area, which is of interest when relating the hydrodynamic force to the relative motion of macromolecules in the lipid bilayer.
Expressions for the hydrodynamic force
Since u local , which gives rise to the net hydrodynamic force, is approximately independent of the lipid velocity as long as Eq. 2 and v c < h c  hydro / holds, as discussed in the previous section, it is convenient to approximate the lipid bilayer as a rigid surface with a stationary, absorbed macromolecule, to determine the hydrodynamic force. Considerable work has been done to describe the flow profile around a single spherical molecule at rest in a pure shear flow near a solid wall. [20] [21] [22] These studies show that the hydrodynamic area of a spherical molecule in a linear macroscopic shear flow can be written as 22
where l is the distance from the solid wall to the center of the sphere (l = a for a sphere bound to the solid surface) and f s is a dimensionless friction factor that varies from f s = 1.70 for l = a to f s = 1 for l >> a. [20] [21] [22] 
The friction factor f c will depend on the height-to-width ratio of the cylindrical molecule and the surface coverage of the macromolecules, . The latter arises due to hydrodynamic shielding by neighboring molecules, which can reduce the hydrodynamic force significantly. However,
how to choose f c as a function of h c /a and  is not known. One approximation that has been used at low surface coverage is to replace the parameter a by an effective radius a eff defined as 25
where V is the volume of the cylinder and setting f c = 1. However, the accuracy of this approximation has not been tested. Finite element simulations, as described in the next section, where performed to investigate how the effective hydrodynamic area of a macromolecule depends on its height-to-width ratio and the surface coverage of molecules.
MATERIALS AND METHODS
Numerical simulations
Governing equations. In order to investigate how a constant liquid flow above a lipid bilayer acts on macromolecules protruding from the lipid bilayer, we used finite element simulations to solve Navier-Stokes' equations within the creeping flow approximation around two simplified geometrical models of the studied macromolecules: (i) spherical molecules and (ii) cylindrical molecules with different height-to-width ratios, where the molecules are attached to a surface in all cases. It is here also important to point out that it is enough, due to the linearity of the creeping flow equations, to solve for the change in the local velocity u local , instead of the full velocity, u (see the section "Creeping flow equations" in the Supporting Information for details): ( 8 ) where u local = u -u lipids -( hydro z/)e x is the change in the local flow velocity vector and p local the change in the local pressure compared to the situation with a flat surface without macromolecules. This facilitates the convergence of the simulations considerably. Both u local and p local will scale linearly with  hydro . Furthermore, the value of the hydrodynamic force will be proportional to the cross-sectional area of the macromolecule for two macromolecules with the same shape and the same surface coverage (see the section "Creeping flow equations" in the Supporting Information for details). Thus, it is sufficient to perform the simulations for one hydrodynamic shear stress, and one size, for the different types of macromolecules studied. 
where dF x is the hydrodynamic drag force on a part of the macromolecule with the area dA, n = (n x , n y , n z ) is the unit normal vector and u local = (u, v, w) is the local velocity of the liquid. 26 The simulation geometry consisted of a cylindrical unit cell as shown in Fig. 3 , where the radius of the unit cell, L, was defined by Eq. 1. The height of the unit cell was chosen as 1.5L + 2h c . No significant change in the results was obtained by using a higher unit cell. Only a quarter of the cylindrical unit cell needed to be included in the simulations due to symmetry conditions, which considerably speeded up the calculation time. Figure 3A and B shows the simulation geometry for the spherical model molecules. Table 1 ).
For the simulations of a cylindrical model molecule (geometry shown in Fig. 3C , D) the top edge of the cylindrical molecule was slightly rounded to avoid the singularity that a profile with a sharp edge produces. This also makes it easier to construct a calculation mesh that can produce accurate results with a minimum of mesh points. Simulations were made where the fillet radius of the edge was a/10 and a/20, from which the force for a sharp edge was extrapolated from a linear fit. The boundary conditions used in the simulations are summarized in Table 1 Fig. 3 . Both the local pressure and the local velocity will approach zero far from the surface, and at boundary 3 a boundary condition corresponding to zero total stress was chosen. This is equivalent to only having a shear flow far above the lipid bilayer, where the change in the local velocity component is zero. The local velocity in the z-direction, and the local pressure, at the side of the unit cell (boundary 2 in Fig. 3 ) was chosen to be zero. It might at a first instance seem odd that there is no net pressure gradient across the unit cell, since a pressure gradient is generally the driving force for the macroscopic liquid flow. However, the driving force is here It can also be discussed whether choosing a cylindrical cell model to describe the average flow profile around a single macromolecule in a random array of molecules is an accurate model.
However, spherical or cylindrical unit cells have previously been used to model flow behavior around randomly distributed molecules 27 and can be viewed as providing a first approximation of the flow around the molecules in our system at different surface coverage. This approximation will strictly speaking only be valid at a surface coverage below ~50%. At higher coverage the influence of packing, and the overlap between different unit cells, start to be significant, and the accuracy of the cell model becomes questionable.
Simulations were performed where the surface coverage  was varied using a parametric sweep after which the total hydrodynamic force was obtained by integrating Eq. 9 over the surface of the adsorbed molecule (and multiplying by four to account for using a quarter of the entire unit cell). Different ratios h c /a were investigated for the cylindrical molecules. The radius a was chosen to 2 nm, the viscosity  = 1 mPa·s, and the shear stress  hydro = 100 Pa in all simulations. 
Experimental materials and methods
where p 1 to p 11 were constants to be fitted. For SA-647 p 7 to p 11 were set to zero, and p 4 then corresponded to the diffusivity of SA-647 and p 6 to the drift velocity. This expression can be shown to be valid when the bleach profile at t = 0 is approximately Gaussian, as is the case here, following a procedure similar to that used by Jönsson et al. for radial symmetry. 29 However, for the OG488-DHPE data an extra, positive, Gaussian curve needed to be added due to FRET transfer to the 638 channel at higher concentrations of SA-647. The explanation for this is likely that bleached SA-647, moving faster than the lipids, will not FRET as efficiently as unbleached SA-647, resulting in a higher intensity in front of the bleached lipids in the 488 nm images.
Whereas this was observed to make the determination of the diffusivity of the lipids at higher concentrations of SA-647 slightly sensitive to the number of frames analyzed and the fitting procedure, this was not a significant issue for the drift velocity determination.
RESULTS AND DISCUSSION
Hydrodynamic force at low coverage for spherical molecules
The presence of a spherical molecule on the surface changes the local flow profile around the adsorbed macromolecule. Figure 4 shows how the local velocity and pressure components varies around a spherical molecule at low surface coverage where the influence of neighboring molecules on the flow profile is negligible ( = 0.001). The molecule is attached to the surface at z = 0, and there is a macroscopic liquid flow in the x-direction. 
Using f = 1 to estimate the hydrodynamic force, as is the case for a spherical molecule in solution, will therefore result in a hydrodynamic force that is approximately half the actual value.
The hydrodynamic area can also be viewed as the area on the surface beneath the molecule that is shielded from the external liquid flow (see Fig. S1 in the Supporting Information). This value will always be larger than, or in the limit of thin molecules equal to, the cross-sectional area of 
Flow around molecules with different shape
In this section we investigate the effect of the shape of the molecule and for this purpose perform simulations on cylindrical molecules with different height-to-width ratios. Figure S2 in the Supporting Information shows the local flow profile around two cylindrical molecules, one with h c = a and one with h c = 4a, at a surface coverage  = 0.001. The taller molecules experience a higher velocity, and thus also a higher drag force, than the lower molecules.
Plotting the hydrodynamic force for different ratios of h c /a by extrapolating the data to  = 0
gives the data points shown in Fig. 5A . Figure 5B also shows what the value of f c should be when replacing a with a eff (given by Eq. 6) in Eq. 5 as has previously been used as an approximation to estimate the hydrodynamic force on a nonspherical molecule. 25 The value of f c is in this case fairly constant in the interval h c /a = 2 to 8, where it varies between 1.8 and 2.0, which is of the same magnitude as the value of f c for a spherical molecule. However, the value for f c will increase drastically at smaller ratios of h c /a, where the hydrodynamic force approaches the value  hydro a 2 (see Eq. 12).
Effect of hydrodynamic shielding
The molecules start to shield each other from the liquid flow when the surface coverage of the molecules increases (see Fig. S3 in the Supporting Information). When the molecules get closer together, the resulting flow approaches that over a flat surface starting at z = h c . The maximum value of the local velocity remains similar to the low coverage case shown in Fig. 4A , but the gradient in the velocity outside the surface of the sphere is changing slower compared to at  = 0.001. The local pressure is also reduced at higher coverage. This is due to shielding of the flow from neighboring molecules which has the effect of lowering the hydrodynamic force per molecule. This can also be stated as the shielded surface area beneath each molecule being reduced due to overlap with the shielded surface area of neighboring molecules (cf. Fig. S1 in the Supporting Information). The latter makes it possible to predict how A hydro will behave at high surface coverage: (13) since the entire hydrodynamic force from the liquid flow is taken up by attached molecules in this case. The transition from low to high coverage can similarly be argued to start around  ~ a 2 /A hydro (0), which corresponds to a unit cell having the same area as the value of A hydro for low coverage. From Eq. 12 we know that A hydro (0) increases with the height-to-width ratio of the molecule, which also means that molecules with a large ratio h c /a will start to shield each other at lower coverage than is the case for shorter molecules. The values for the hydrodynamic area as a function of surface coverage are shown in Fig. 6A for spherical molecules and in Fig. 6B for cylindrical molecules with different height-to-width ratios (see also Table S1 in the Supporting Information for a list of values). Only data points up to  = 0.5 were included since the assumptions made in the cell model are questionable at higher surface coverage. However, Eq. 13 is still expected to hold for higher surface coverage even if the bound molecules are not randomly distributed. The simulated data in Fig. 7 was fitted to the rational function . At higher coverage the molecules will already be shielded from each other, and a change in  will only result in a modest change in the hydrodynamic force according to Eq. 13 (see also the dashed line in Fig. 6A ). For the spherical molecule the coefficients C 1 and C 2 take on the values C 1 = 1.3 and C 2 = 1.1, similar to the values for a cylindrical molecule with h c = 2a. However, it should be noted that Eq. 14 is only a simplified equation to aid in the understanding of how the hydrodynamic force changes with . Since we already have an expression for the force at large , we here focus on the behavior at small to moderate surface coverage, which is also the regime where the cell model approximation holds best. The empirical formula in Eq. 14 gives an estimate of the hydrodynamic force acting on the molecules at different surface coverage, which is generally accurate to within 1% over the investigated range.
Redistribution of molecules in a lipid bilayer
The hydrodynamic force can be converted into a hydrodynamic free energy difference of the studied macromolecules, G hydro :
where d is the length scale over which the force is acting, for example the size of a cell or an enclosure in the lipid bilayer. The hydrodynamic force a membrane-anchored macromolecule will experience from a hydrodynamic flow will dominate over diffusion when the hydrodynamic free energy difference, G hydro , is larger than k B T. The distance where G hydro = k B T will correspond to a characteristic distance, which we call the hydrodynamic length, d hydro . An external liquid flow will have a significant effect on the distribution of macromolecules within an enclosure, or over an entire cell, as long as the size of the enclosure, or cell, is larger than d hydro .
For the nonequilibrium situation when the studied macromolecules have just started to be transported by the hydrodynamic force, this will result in a net velocity of the molecules, v c , relative to the lipid bilayer. This velocity results from a balance of the hydrodynamic force, F hydro , with frictional forces from within the lipid bilayer. The latter forces will increase with v c , but the exact form of this dependence will vary with the studied system. A useful approximation for many situations is given by Eq. 19, which utilizes the Einstein relation 30 between the mobility and the diffusivity of the studied molecule in a lipid bilayer to arrive at
where k B is Boltzmann's constant, T is the temperature, and D c is the diffusivity of the macromolecule in the lipid bilayer. Equation 19 is approximately valid for the following two situations:
 When a macromolecule is anchored to the upper monolayer of an SLB.
 When the two monolayers in the lipid bilayer are moving with approximately the same velocity and where the diffusivity is mainly given by frictional drag within the lipid bilayer.
The term A m  hydro has been included in the left expression in Eq. 19 to account for the effect of displacing lipids in the lipid bilayer when the macromolecule moves. This can equivalently be stated as the net hydrodynamic force being given by A hydro  hydro . However, the term A m  hydro can often be neglected for larger macromolecules.
The properties of the lipid bilayer will affect the drift velocity of the macromolecules but will not significantly affect the external hydrodynamic force experienced by the macromolecule. By knowing the drag coefficient of the macromolecule in the lipid bilayer, either from experimental measurements [31] [32] [33] [34] or from theory [3] [4] [5] , this makes it possible to determine the relative velocity of the macromolecule compared to the lipids even if the lipids have a none negligible velocity.
The above discussion can also be viewed in terms of the Péclet number, Pe, which is the ratio between the advective transport rate and the diffusive transport rate in the system, which with the definitions used previously gives
Inserting the expressions in Eqs. 18 and 19 into Eq. 20 with d = d hydro results in Pe = 1; thus, the distance d hydro corresponds to the distance where the advective transport rate equals the diffusive transport rate. Table 2 summarizes the result of these fits at the three different surface coverages. To compare the experimental data with the results from the simulations, the bound streptavidin molecule is modeled as a cylinder with a = 3 nm and h c = 5 nm. 36 7 Comparison with proteins of different size showed that larger proteins where transported more rapidly than smaller proteins. Bound IgG had a half-life clearance to the posterior pole of the cell that was, at least, 5 times faster than that of the smaller protein streptavidin coupled to the same surface coat. Modeling IgG as a spherical particle with a radius of 7.5 nm, 7 and streptavidin as a cylinder with a = 3 nm and h c = 5 nm, 36 
Experimentally measured drift velocities
CONCLUSIONS
A constant liquid flow outside a cell surface can cause mobile macromolecules that are anchored in the lipid bilayer to move in the direction of the flow. This transport results in a redistribution of macromolecules in the lipid bilayer. The hydrodynamic force that acts on each macromolecule is proportional to the macroscopic shear stress on the cell surface,  hydro , which is a macroscopic parameter that is independent of the properties of the protruding molecules in the lipid bilayer. The proportionality constant, A hydro , is a parameter corresponding to the effective hydrodynamic area of the macromolecule, which will depend on both the size and shape of the studied molecule as well as the surface coverage of these molecules. The hydrodynamic force acting on a cylindrical molecule will at low coverage increase with the size of the molecule according to Eq. 12, which generally results in taller molecules moving with a higher velocity than shorter molecules. The molecules will start to shield each other from the hydrodynamic flow at higher surface coverage (see Eq. 14) . This typically starts to happen at a coverage  ~ a 2 /A hydro (0), which is the ratio between the cross-sectional area of the molecule and the effective hydrodynamic area of the molecule at low surface coverage.
For the experiments in this study we have shear stresses on the order of 10 Pa acting on the lipid bilayer, which results in a net drift velocity of the ~5 nm large, anchored protein streptavidin of approximately 1 µm/s in the direction of the flow. The value 10 Pa is also a typical shear stress on the floor of a microfluidic channel with a cross-sectional area of 100 µm × 100 µm when exposed to a liquid flow of 100 µL/min. 23 As a comparison, the shear stress on the wall of blood arteries due to blood flow is of the order of 1 Pa, 37 which is of similar magnitude as the shear stress on the surface of a swimming parasite in a blood capillary 7 . Since it is the shear stress that determines the hydrodynamic force for a specific macromolecule, this indicates that liquid flows can have a significant effect on the redistribution of membrane-anchored macromolecules in vitro as well as in vivo.
Knowing how the magnitude of the hydrodynamic force depends on the size and coverage of molecules in the lipid bilayer opens up for several interesting applications. One is to use this knowledge to determine the interaction between molecules in a lipid bilayer using hydrodynamic trapping. 25 By relating the hydrodynamic force from a liquid flow out of a pipette to the accumulation of macromolecules in a lipid bilayer makes it possible to measure the force between these molecules as a function of intermolecular distance.
An interesting observation is the strong dependence the size of the studied molecules has on the hydrodynamic force. Table S1 . Simulated values of A hydro /a 2 at some different surface coverage, , for a cylindrical molecule with different height-to-width ratios, h c /2a, and for a spherical molecule. 
